We investigated GaN/AlGaN core/cladding light-emitting diodes (LEDs) that surpass the limit of light extraction that is typically exhibited by conventional GaN LED structures. Full-vectorial electromagnetic calculations confirmed that with an upper two-dimensional dielectric pattern, the extraction efficiency of the subwavelength-thick GaN/AlGaN waveguide increased by >50% relative to that of the homogeneous GaN structure. Electric-field intensity profiles demonstrated that this significantly enhanced light extraction was a result of the thin waveguide effect in which the evanescent field of guided modes penetrates further into the upper dielectric pattern. The waveguide effect was investigated at various refractive indices and thicknesses of the cladding.
G aN-based light-emitting diodes (LEDs) have been incorporated into ultraviolet-, blue-, and greenemitting solid-state lighting because their band gap can be readily tuned by modulating the In 1) or Al 2) composition. GaN LEDs are used for a variety of photonic applications with respect to their emission color, such as backlight units for displays, interior or exterior illuminations, and light sources for curing and sterilization. 3, 4) To develop high-efficiency GaN LEDs, both the internal and extraction efficiencies must be further improved. In particular, a photonic design that leads to boosting light extraction plays a key role when the materials within the LEDs are absorptive, since light trapped by the total internal reflections must be extracted before it is lost by material absorption. 5, 6) To efficiently convert trapped guided modes into extracted leaky modes within GaN-based LEDs, a rationally designed two-dimensional periodic [7] [8] [9] or random pattern 10) is required. For example, a patterned sapphire substrate 11) and a random pattern generated by a chemical etchant 12) have served as diffraction elements within a lateral GaN/sapphire LED and a vertical GaN/metal LED, respectively. However, the extraction efficiency cannot exceed a definite limit, because the GaN core (typically, ³5 µm) is much thicker than the emission wavelength, which causes most guided modes to be tightly bound within the GaN core region and eventually reduces the spatial overlap between the electric field of the guided modes and the surface pattern. 6, 7, 9) To resolve this issue, a submicron-thick vertical GaN LED that only supports a few guided modes has been successfully fabricated, that exhibited an extraction efficiency of over 80%. 7) However, etching of n-type doped GaN could potentially deteriorate its electrical performance. As an alternative strategy that emulates the thin GaN slab structure, a cladding layer with a low refractive index can be inserted below multiple quantum wells (MQWs). 9) For example, Al x Ga 1¹x N containing a relatively high fraction of Al, 9) air voids, [13] [14] [15] or SiO 2 rods 16) that are formed by monolithic or advanced epitaxial growth can act as a cladding in the lateral GaN/sapphire waveguide structure. Therefore, if a surface pattern is incorporated into the upper portion of the structure, the guided modes confined by the new GaN/cladding boundary condition are readily perturbed by that particular pattern [ Fig. 1(a) ].
In this study, we rigorously investigated the effects of the bottom cladding layer on the extraction efficiency of a GaN LED structure containing an upper two-dimensional dielectric pattern, which to our knowledge has not been previously examined. Finite-difference time-domain calculations were conducted in order to elucidate the effects of the cladding layer, and various parameters such as the position, refractive index, and thickness of the cladding layer were thoroughly evaluated. The calculations predicted the primary design specifications for the development of high-efficiency GaN/ AlGaN core/cladding LEDs.
As the calculation model, an upper dielectric pattern, a p-type doped GaN, MQWs, an n-type doped GaN, and a silver mirror were stacked sequentially [ Fig. 1(b) ]. All GaN materials were assumed to possess the same refractive index (n = 2.5). Randomly polarized dipole sources were generated in the MQWs, and a dielectric pattern (n = 2.5) with a height of 250 nm was employed on the upper surface of the GaN structure. To evaluate the vertical radiation that is enhanced by the upper dielectric pattern, periodic boundary conditions were applied along the in-plane axes. In light of the limited calculation domain, the sapphire substrate (which was approximately 200 µm thick) was not included in the calculation model. Finally, a cladding layer with a refractive index smaller than that of GaN was inserted below the MQWs with various positions, refractive indices, and thicknesses.
For a given dielectric pattern and cladding layer that is incorporated into the GaN structure, extraction efficiency was determined by accommodating the extracted light while the light generated by dipole sources traveled a distance of 500 µm (e.g., the cut-off propagation distance) through the GaN structure. 6, 9) The cut-off propagation distance depends on the absorption of the constituent materials, including the free carrier absorption of the n-type doped GaN, the Urbach tail absorption in the MQWs, and the plasmonic absorption in the metal electrodes. 17) In the present calculation, the cut-off propagation distance of 500 µm was set to reflect the current state-of-the-art blue-emitting InGaN/GaN LED. 17) Extraction efficiency was first calculated at various positions (h) of the cladding layer (n = 2.1) [ Fig. 2(a) ]. The position (h) of the cladding was defined as the height from the upper surface of the dielectric pattern to the upper surface of the cladding layer. The refractive index of the cladding corresponds to the refractive index of Al x Ga 1¹x N, with an Al content of approximately 0.5 at = 450 nm.
18) The thickness (t) of the cladding was 200 nm. The lattice constant (a) of the dielectric pattern was set to be 400 nm because both fundamental and higher-order guided modes can be adequately diffracted at this lattice constant. 19) The calculated result confirmed that the extraction efficiency of the GaN structure steadily increased as the cladding approached the MQWs. In particular, the extraction efficiency markedly increased by approximately an emission wavelength ( = 450 nm) when the cladding was in close proximity to the MQWs. The maximum increase in extraction efficiency was approximately 50% at h = 550 nm, relative to the GaN structure that did not contain a cladding layer. Note that the extraction efficiency rather decreased when the cladding was slightly closer to the MQWs (h = 450 nm). We postulate that this decrease originated from a weak optical cavity effect between the MQWs and the cladding layer with a low refractive index. 20) Extraction efficiency was then calculated as a function of the refractive index n at a fixed position (h = 450 nm) of the cladding [ Fig. 2(b) ]. This result confirmed that the extraction efficiency increased linearly with decreasing refractive index of the cladding. In principle, the increase in extraction efficiency could be as high as approximately 80% when the refractive index of the cladding is smaller than 1.5. A low-index cladding can be obtained by embedding a dense array of air voids [13] [14] [15] or SiO 2 rods 16) in the GaN structure during advanced epitaxial growth. Note that even when the refractive index of the cladding differed from that of GaN by only 0.2, the enhancement factor was as high as approximately 30%. This result allows one to envision the possibility of high-efficiency GaN/AlGaN core/cladding LEDs in which a relatively small amount of Al is sufficient to make AlGaN an effective cladding material. When an upper dielectric pattern was incorporated into a GaN structure, the extraction efficiency of the GaN structure significantly increased when a cladding material with a low refractive index was also positioned below the MQWs to be closer by a distance smaller than the emission wavelength.
To fully understand how such a significant increase in extraction efficiency through the insertion of a cladding material with a low refractive index occurs, electric field intensity snapshots were obtained at particular times when the dipole source was still oscillating [Figs. 3(a) and 3(b) ]. A single dipole source exhibiting vertical [ Fig. 3(a) ] or in-plane [ Fig. 3(b) ] polarization was excited in the MQWs to clearly visualize the principle underlying the enhanced light extraction. Three separate snapshots were obtained when the cladding layer (n = 2.1) was positioned at h = 2700 nm (left) and h = 550 nm (middle), as well as when the cladding layer (n = 1.3) was positioned at h = 550 nm (right). The electric field intensity profiles revealed two key features with respect to the cladding effect. First, when a cladding layer was close to the MQWs, some of the light generated from the MQWs was tightly confined in the upper portion of the GaN structure such that the guided light was strongly diffracted by the dielectric pattern. The confinement and diffraction of the guided light were more noticeable when the cladding layer had a lower refractive index. Second, the light was diffracted more effectively when using the vertical dipole source than when using the in-plane dipole source. In our proposed design, the upper portion of GaN is sandwiched between a cladding material with a low refractive index at the bottom, and a dielectric pattern on top, which is treated as an asymmetric waveguide system. 21) In such a waveguide system, the evanescent field that penetrates into the dielectric pattern was extended further as the distance between the bottom cladding and the GaN core decreased and as the refractive index of the bottom cladding decreased. The extended evanescent field produces a strong coupling between the guided modes and the dielectric pattern; thus, the extraction efficiency of the GaN structure significantly increased. Since the vertical dipole source generated light that exhibited nearly horizontal wave vectors that were mostly confined in the GaN/cladding waveguide, the thin-waveguide effect was much more significant when the vertical dipole source was excited. Light generated from GaN-based MQWs typically exhibits different fractions of vertical and in-plane polarizations, depending on the amount of In or Al present in the sample. 22) Therefore, the thin-waveguide effect can play a crucial role when the vertically polarized light is the dominant form of generated light (as is the case for ultraviolet-emitting AlGaN LEDs 23) ). Extraction efficiency was then calculated as a function of cladding thickness (t) [Fig. 4(a) ]. The calculation revealed that the extraction efficiency gradually increased and almost completely saturated when t was approximately equal to 200 nm for both the vertical and in-plane dipole sources. The increase in extraction efficiency for the thick cladding was steeper for the vertical dipole source because of the thinwaveguide effect, as discussed in the previous paragraph. In general, if the thickness of the cladding is smaller than the length of the evanescent field of guided modes, then light will tunnel through the cladding. In the calculated result, note that the extraction efficiency saturated twice when t was approximately equal to 100 and 200 nm. We hypothesize that the two plateaus are a result of the guided modes exhibiting different lengths of the evanescent field: a shorter evanescent tail for low-order guided modes and a longer evanescent tail for high-order guided modes. 9) Finally, extraction efficiency was calculated at various lattice constants (a) of the dielectric pattern [ Fig. 4(b) ]. The result confirmed that the extraction efficiency was maximum when a was approximately equal to 700 nm, regardless of the introduction of a cladding. It is noteworthy that when using the cladding with the lower refractive index, a broad range of optimum lattice constants was observed, which is promising in terms of the tolerance of the cladding to fabrication processes.
In summary, we designed a novel out-coupling structure to boost the light extraction from a GaN structure when a cladding with a low refractive index is inserted below MQWs. The cladding and the upper GaN core formed a waveguide that was smaller than the emission wavelength, which further extended the evanescent tail of each guided mode into the upper dielectric pattern, thus significantly increasing extraction efficiency. A cladding with a lower refractive index was more effective for extending the evanescent field, and the extraction efficiency increased to approximately 80% when the refractive index of the cladding was less than 1.5. Such a low-refractive-index cladding can be produced from an AlGaN layer by monolithic growth 9) or from a dense array of SiO 2 rods by lateral overgrowth.
16) The design rules related to tailoring the evanescent field of guided modes will provide a feasible strategy for improving light extraction from ultraviolet-, blue-, and green-emitting GaNbased LED devices.
